Introduction
Solid oxide fuel cells (SOFCs) are an electrochemical device to directly convert chemical energy of fuels to electrical energy with high efficiency and low emissions. Nanostructured electrodes with nanoparticles supported on rigid scaffold have been paid with great attention for their potential application in intermediate temperature SOFCs at 600-800 o C. The catalytically active nanoparticles with special structures such as core-shell structures commonly employed in the development of highly active electrocatalysts for low temperature protonic exchange membrane fuel cells (PEMFCs) [1, 2] could dramatically enhance the electrochemical performance and stability of the electrodes of SOFCs. Thus core-shell like nanostructures have been developed in order to enhance the electrochemical activity and stability of the electrodes of SOFCs [3] [4] [5] [6] [7] . Liu et al [8, 9] prepared a core-shell structured cathode by infiltrating a dense (La,Sr)MnO3 (LSM) thin film into La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) scaffold, which significantly enhanced the operating durability and performance of LSCF electrodes at 850 o C for ~600 h. Zhou et al [10] fabricated a dense La2NiO4 (LN) thin layer in BSCF scaffold by infiltration followed by a microwave treatment; the LN shell substantially increased the stability of BSCF in 10% CO2 at 600 o C. Kim et al [11] coated a Pd core by CeO2 shell via self-assembly method, and found that the Pd/CeO2 core/shell nanoparticles in the (La,Sr)(Cr,Mn)O3 (LSCM)/YSZ scaffold had a much better thermal stability than the infiltrated Pd nanoparticles.
As shown above solution infiltration/impregnation is one of the most common, simplest approaches to prepare nanostructured electrodes. However, the morphology, size and distribution of nanoparticles are significantly affected by parameters such as wetting property, dispersant, heating rate, and heat-treatment temperature [12] [13] [14] [15] [16] . Unlike the counterpart in low temperature PEMFCs, one significant challenge for fabrication of core-shell structures for SOFCs is the significant grain growth and agglomeration of the electrodes associated with the sintering and long duration at high temperature (800-1100 o C). Thus, the reduction in the duration during the heating and cooling steps of the conventional sintering (CS) should substantially reduce the agglomeration of the infiltrated nanoparticles, resulting in the formation of core-shell nanostructure. To demonstrate the concept, we apply a rapid sintering (RS) process for LSCF infiltrated LSM electrodes by substantial increase of the heating rate by directly placing the infiltrated samples to the pre-heated furnace. The RS process bypasses the slow heating and cooling stage of CS process, thus can effectively reduce the agglomeration of infiltrated LSCF nanoparticles on LSM scaffold, forming a core-shell like structure.
Experimental
Electrolyte pellets of ~0.8 mm in thickness and 18 mm in diameter were fabricated by die confirmed by X-ray diffractometry (XRD, Bruker D8 Advance).
Results and discussion
Fig . 2 shows the SEM micrographs of surface of a pristine LSM and LSCF infiltrated LSM in the form of porous electrodes and dense bar samples. In the case of porous electrodes, the LSM structure is characterized by interconnected particles in the size range of 0.2-0.5 μm (Fig. 2a) . For the infiltrated LSCF-LSM electrode prepared by RS process, dense thin LSCF coating is observed to covers the entire surface of LSM grains in a very homogeneous manner (Fig. 2b) . XRD pattern of LSCF powder prepared by the RS process shows typical cubic perovskite peaks, which indicates the successful synthesis of LSCF crystal phase (Fig.2h) .
For the bar samples, LSM is well sintered with a grain size in the range of 8-25 µm, and there are distinct crystal facets on the grain surface (Fig. 2c) . The CS of the LSCF infiltrated LSM results in formation of a porous LSCF film comprising of nanoparticles in the size range of 50 nm (Fig. 2d) ; while for the RS process, a uniform and crack-free dense LSCF thin film is formed on the LSM surface, and the original crystal facets on the LSM grains are no longer observable (Fig. 2e) . The morphology of the dense LSCF film is also retained after heat-treatment at 700 o C in air for 100 h (Fig. 2f ). In the case of an infiltrated LSCF-LSM electrode with RS, the dense thin film is maintained after the cathodic current passage at 200 mA cm -2 and 600 o C for 40 h (Fig.2g) , demonstrating the excellent thermal stability of the core-shell structure. This is consistent with the high thermal stability of LSCF infiltrated LSM bar samples heat-treated at 700 o C for 100 h (Fig. 2) . The results demonstrate the superior thermal stability of dense thin film over the easily agglomerated nanoparticles [17] . (Fig. 3a) . ƞc of the LSM electrode increases rapidly with the increase of current, reaching 0.59 V at a cathodic current of 0.05 A cm (Fig. 3b) . After the infiltration of the LSCF film, the electrode activity of LSM is significantly enhanced with a RE of 2.1 Ω cm 2 , a reduction by 41 times compared to that of the pristine LSM. The activity enhancement is particularly pronounced in the low frequency region, which indicates the promotion effect of LSCF infiltration on the oxygen dissociation/surface diffusion process of LSM electrode [18, 19] . The activation energy for the O2 reduction reaction on the infiltrated LSCF-LSM is ~108 kJ mol -1 , identical to that of the pristine LSM (Fig.3c) , indicating that the reaction mechanism on LSM is not affected by the LSCF infiltration. This indicates that the incorporated LSCF film most likely acts as an activity promoter. Nevertheless, the enhanced electrode activity after the polarization indicates excellent electrode stability of the infiltrated LSCF-LSM electrodes under SOFC operating conditions.
The significant promotion of electrode activity of infiltrated LSCF-LSM electrodes is attributed to the excellent oxygen surface exchange properties and high ionic conductivity of LSCF as well as the unique core/shell structure. The pristine LSM cathode is a predominantly electronic conductor with a negligible ionic conductivity e.g. 5.9×10 -7 S cm -1 at 900 o C [20] , and therefore the oxygen reduction reaction is limited at the electrode/electrolyte interface [21] . By contrast, LSCF is a mixed ionic and electronic conductor (MIEC) with an ionic conductivity of 8×10 -3 S cm -1 and an electronic conductivity of ~300 S cm -1 at 800 [24] . Therefore, the high degree coverage of a highly active LSCF thin film on LSM grains not only enhances the oxygen surface exchange properties by providing a high surface area, but also enlarges the active reaction sites from the electrode/electrolyte interface into the bulk of electrodes due to formation of a connected ionic conducting network. These factors contribute to the substantially enhanced dissociation and surface diffusion processes related to the low frequency electrode process (Fig. 3b) .
Conclusions
As a proof of concept, a core-shell nanostructured LSCF infiltrated LSM cathode was successfully fabricated by a substantially decrease the sintering time at high temperatures, i.e., RS process. The instant ramping process bypasses the particle growth and agglomeration associated with slow heating and sintering process, and thus the original morphology of the shell by wet impregnation could be maintained. The RS approach is effective to prepare a dense thin shell at high temperatures. The dense LSCF thin film significantly enhances the 
